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Many approaches are used in the space cooling of buildings. Based on experiments 
carried out on the rooftop of a low-rise commercial building in Singapore, a rooftop 
garden reduced the roof surface temperature by up to 30oC. The ambient air temperature 
was also reduced by up to 4.2oC. In addition, the life cycle costs of rooftop gardens are 
lower than those of exposed flat roofs and they can reduce the energy consumption of the 
building. Hence, a rooftop garden is a possible approach to bring about space cooling in 
buildings. 
 
To examine the benefits of a rooftop garden in greater detail and the factors that influence 
space cooling in buildings, three configurations are investigated. First of all, a bare roof, 
which comprises a layer of concrete over the indoor air is studied. Next, an unplanted 
roof is examined. The difference between a bare roof and an unplanted roof is an 
additional layer of soil. The thickness, volumetric moisture content, and density of the 
soil are varied to investigate their respective effects on space cooling in buildings.  Lastly, 
the planted roof is studied. The leaf area index ( LAI ) of the plant is varied to investigate 
their impact on the cooling potential of roofs. The three configurations are modeled in 
programming language C++. 
 
From the simulation results, the thickness, volumetric moisture content, and density of 
the soil have minimal effects on space cooling in buildings. The most important factor is 
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the LAI of the plant used. With effective shading ( LAI of 5), the temperature of the room 
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Energy prices have increased rapidly in recent years. Hence, there is the urgent need to 
explore other energy saving options in the space cooling of a building. The option of 
passive cooling of a building is achievable through many ways such as having an 
evaporeflective roof, or the use of a removable canvas over the roof. Having a green roof 
on top of a building is another viable approach. Besides offering passive cooling, it also 
contributes to the aesthetics of the building. Wong et al. (2003b) conducted experiments 
on the rooftop of a low-rise commercial building in Singapore and concluded that a green 
roof reduced the roof surface temperature by up to 30oC and the ambient air temperature 
was also reduced by up to 4.2oC. 
 
A green roof comprises the canopy, the soil, and the support and it  is modeled using C++ 
language and the finite difference approach is adopted to discretise the components of the 
roof (into nodes). Before evaluating the performance of a green roof, a grid independence 
test is done. This is to ensure that the discretisation is done in a reasonable manner – the 
program can capture the steep temperature gradient especially near the boundary between 
the roof components without being too computationally intensive. Through the balance of 
energy, the program strives to obtain the temperature of each node using the implicit 
approach. The use of the implicit approach and the use of the Wegstein method are 
justified in Chapter 3. 
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Upon completion of the model, a comparison is made between the energy performance of 
a bare roof and that of an unplanted roof or a planted roof. Several factors are modified to 
study their impacts on the cooling potential of the green roof. These include the thickness, 
volumetric moisture content, and density of the soil and the leaf area index ( LAI ) of the 
foliage covering the soil. The objective of this approach is to study the relevance of the 
various factors in the passive cooling of the building under local conditions.  
 
While the simulation program is highly customizable, it suffers from long computational 
time because of the numerous and complex computations involved. A possible way to 
address this issue is to adopt the radiant time series (RTS) method. Instead of solving the 
set of energy equations iteratively, the user can attribute certain thermal behaviours to the 
walls and windows of a building depending on their construction through the use of 
conduction and radiant time factors. The underlying assumption is that the process occurs 
under  steady periodic conditions. These factors will be discussed in greater details in 
Chapter 5. The advantage of such an approach is that the cooling load can be easily 
evaluated and the end-user can pin point the main contributor to the cooling load. Thus, 
the user can have a better idea how to reduce the overall cooling load apart from using a 
green roof. However, the downside is that if the make of the walls and windows of the 
building is slightly different from the ones quoted in the literature, the thermal properties 
used may not be accurate enough. A tutorial for the software is provided to guide new-
users.    
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2. Literature Review 
 
To improve space cooling in buildings, many approaches have been suggested. Cheikh 
and Bouchair (2004) developed a mathematical model for the passive cooling of a 
evaporeflective roof. The upper surface of the aluminium sheet enclosing the air gap is 
coated with a white titanium-based pigment. As a result, the reflected radiation is 
maximized during the day. At night, the temperature of the aluminium sheet falls below 
the temperature of the rocks and water bed. The condensation of water vapour carries 
heat outwards. Results showed that the mean air temperature in the room was reduced by 
up to 8oC for both ventilated and unventilated room. 
 
Figure 1. (a) Evaporeflective roof and (b) normal roof (Cheikh and Bouchair, 2004).  
 
Several studies (Nayak et al., 1982;  Tiwari et al., 1994) investigated passive cooling of 
roofs using vegetable pergola, removable canvas, gunny bags, roof garden, or inverted 
earthen pots. For a hot or dry climate, an evaporative cooling system with a air cavity 
wall is most effective – the room temperature can be reduced by more than 5oC.  
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Figure 2. Shading by plants, removable canvas, evaporative cooling, a roof garden and use of inverted 
earthen pots over the roof (Nayak et al., 1982;  Tiwari et al., 1994). 
 
Bojic et al. (1997) studied the effect of a roof angle on the cooling load. Up to 20% of the 
cooling energy can be saved for a roof with a north-facing slope. 
 
Xu et al. (2005) explored the use of a shape-stabilized phase change material (PCM) in a 
solar building. The floor containing the PCM can absorb the solar radiation energy in the 
daytime and the latter changes from solid to liquid. At night, it freezes back to solid and 
releases the heat. The indoor air temperature variation is reduced as a result. 
 
Figure 3. Schematic of the shape-stabilized PCM floor (Xu et al., 2005). 
 
Kaushik (1982) modeled a water pond over the roof and demonstrated that the inside air 
temperature is higher than the ambient air temperature by up to 6oC at night when there is 
no ventilation. In comparison, a ventilation-controlled building with a roof pond is a 
more viable approach. 
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Figure 4. Sketch of the cooling system (Kaushik, 1982). 
 
Levinson et al. (2005) studied the use of cool roofs that have high solar reflectance 
(minimum value of 0.70) and high thermal emittance (minimum value of 0.75) or low 
emittance roofs with exceptionally high solar reflectance. On the average, the cool roof 
results in an annual cooling energy savings of approximately 3.2 kWhm-2. 
 
Raeissi and Taheri (1999) modeled trees using spherical, conical, or cylindrical shapes. 
They concluded that the cooling load is highly dependent on the shape of the trees and 
the ratio of the tree height to the distance between the tree and the building. Cooling 
loads can be reduced by 10-40% by planting trees appropriately. 
 
Figure 5. Spherical, conical, and cylindrical shaped trees and the shadows  
they cast (Raeissi and Taheri, 1999). 
 
Liao and Niu (1999) developed a mathematical model to examine the thermal function of 
ivy-covered walls. The ivy-covering ratio reduces the heat flux into a room by up to 60%. 
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Hoyano (1988) concluded from his experiments that an ivy sunscreen covering a west 
wall can reduce heat flux by 75%. McPherson et al. (1988) concluded from computations 
that space cooling costs are most sensitive to roof and west wall shading. Irradiance 
reductions can reduce cooling costs by as much as 61%. 
 
Wong et al. (2003b) conducted an experiment on the rooftop of a low-rise commercial 
building in Singapore. Typically, wet soil provides additional insulation effect to the roof 
for the whole day and vegetation mainly provides shading during daytime. A rooftop 
garden can decrease surface temperature by up to 30oC. This temperature varies inversely 
with the leaf area index ( LAI ) of plants. In addition, the use of plants can reduce ambient 
air temperature by up to 4.2oC.  
 
Figure 6. Rooftop garden of the low-rise building (Wong et al., 2003b). 
 
Onmura, Matsumoto, and Hokoi (2001) conducted an experiment to examine the 
evaporative cooling effect of roof lawn gardens. The surface temperature of the roof slab 
decreased from 60oc to 30oc during daytime, and the heat flux was estimated to be 
reduced by 50%. 
 7 
 
Figure 7. Schematic diagram of the roof lawn sample (Onmura, Matsumoto, and Hokoi, 2001). 
 
A simple and lightweight rooftop vegetation system comprising artificial substrates 
(rockwool, peatmoss, and perlite) and equipment for supplying water was developed by 
Harazono et al. (1991). During the summer, the surface temperature of the rooftop 
without plants rose to over 50oC on clear days, while that with vegetation rose to 35oC. 
The air temperature in the room beneath the vegetation was also lower by 2oC. 
 
Figure 8. Cross-sectional view of the top of the building and detailed structure of the multi-layer slab of the 
rooftop (Harazono et al., 1991). 
 
Papadakis et al. (2001) did an experiment to investigate the effect of shading with plants 
for the solar control of buildings. The radiative and thermal loads in the shaded area 
proved to be significantly lower relative to the unshaded one. In addition, the evaporative 
cooling effect of the plants resulted in lower air temperatures around the shaded wall.  
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Figure 9. Wall surface temperature in the shaded area (thin line) and in the unshaded area (thick line) 
(Papadakis et al., 2001). 
 
Theodosiou, T. G. (2003) investigated the performance of a planted roof in the 
Mediterranean area. Soil layer thickness had the least impact on the thermal performance 
of the roof. The foliage height alone did not contribute much to cooling too. On the other 
hand, a leaf area index ( LAI ) of six offers practically complete shading to the soil layer 
surface. Eumorfopoulou and Aravantinos (1998) did a study in Greece on the 
contribution of a planted roof to the thermal protection of buildings. The thermal losses in 
a planted roof with high vegetation and without thermal insulation are almost the same as 
those of a thermally insulated bare roof. Planted roofs contribute to the thermal resistance 
of the building, but they cannot replace thermal insulation. Niachou et al. (2001) 
concluded that the effect of the green roof is obvious to those with moderate or without 
insulation. The green roof modulates the air temperature in the building by reducing heat 
gain and heat loss. For a whole year, the savings are the greatest in the case of a non-
insulated building with a green roof (37%). When ventilation is allowed, it increases to 
48%. In comparison, the savings of an insulated building with a green roof is only 4% 
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and it increases to only 7% when there is ventilation. The impact of green roof on the 
energy savings of well insulated buildings is almost less than 2%. 
 
Wong et al. (2003a) investigated life cycle costs of two major roof types, inaccessible and 
accessible. Accessible roof gardens have paving and seats, and are used as parks or 
building amenities. Inaccessible roof gardens are mainly developed for aesthetic and 
ecological benefits and minimal maintenance is required. The life cycle costs of 
inaccessible green roofs are lower than that of exposed flat roofs. In addition, the 
inaccessible green roof can reduce the annual energy consumption of the building by up 
to 15% (Wong et al., 2003b). In comparison, accessible rooftops have much higher life 
cycle costs. 
 
Figure 10. Life cycle costs (including energy costs) at 6.15% discount rate (Wong et al., 2003a). 
 
Natural and forced convection are the main heat transfer mechanisms inside rooms. As a 
result of heat transfer from the exposed outer surface that receives incident solar radiation, 
the temperature of the interior surface rises. Heat is conducted from the hot surface to an 
adjacent interior thin air layer, which becomes lighter and begins to rise. At the outset, 
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the boundary layer is laminar, but at some distance from the leading edge, transition to 
turbulent flow may occur. This is dependent upon fluid properties and the thermal 
gradient. On the other hand, heat transfer rates depend on the temperature difference 
between the surface and the environment, the heat transfer coefficient and the overall 
geometry. Increasing the convection heat transfer coefficients, using natural or 
mechanical ventilation, can enhance the heat transfer mechanism.  
 
Usually, the surface convective heat transfer coefficients (CHTC) are derived from 
experiments using small free-edge heated plates. These coefficients may not be 
applicable to room surfaces because the air movement over a room surface is different 
from that over a small free edge heated plate. 
 
Khalifa and Marshall (1990) carried out experiments in a real-sized indoor test cell 
measuring 2.95 x 2.35 x 2.08 m. The heat transfer coefficients on interior building 
surfaces differed from those computed from current models by up to a factor of two. 
Clear et al. (2003) concluded that the heat transfer coefficient was 1.6 times larger than 
that obtained from the standard flat-plate model for forced convection because of the 
surface roughness of the roof. 
 
Loveday and Taki (1996) derived from experimental results correlations for the external 
CHTC as a function of wind speed for a plane, smooth test surface on the facade of an 
eight-storey building. The highest convection losses occur when the angle of wind 
incidence to the test facade lies between 125 and 150°. Unfortunately, the correlation 
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equations can be used only for smooth-textured surface elements at or near 0.8 m wide x 
0.5 m high; the central region of the wider facades of multi-storey cuboidal buildings 
between 4th and 8th floor levels inclusive. 
 
Hagishima and Tanimoto (2003) did multi-point measurements on an actual building 
envelope, leading to a distribution of the CHTC. The representative velocity was defined 
at a height of 13 cm from the building surfaces. The CHTC, h  are correlated to the wind 
velocity, V  by the following formulae: 
42.696.3  Vh  for horizontal surface ( 1 ) 
 
47.421.10  Vh for vertical surface ( 2 ) 
 
 
Figure 11. Test site (Hagishima and Tanimoto, 2003). 
 
Clear, Gartland, and Winkelmann (2003) derived from experimental results, correlations 
that express the exterior CHTC for flat, horizontal roofs as functions of surface-to-air 
temperature difference, wind speed, wind direction, roof size, and surface roughness. 
They are applicable for roofs that are dry, flat (up to 20o tilt), and relatively unobstructed. 
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Awbi and Hatton (1999) concluded from experiments that the average CHTC values for a 
completely heated ceiling are very low relative to other room surfaces. This is because 
there is very little air movement close to the ceiling. The reference air temperature is 
taken from the centre of the room and the CHTC can be calculated using the following 
equation: 
  133.0376.2 GrNu     ( 7 ) 
 
Dascalaki et al. (1994) reviewed correlations for natural convection heat transfer 
coefficients from experimental studies and compared their applicability to real surfaces in 
buildings. All correlations have been modified for appropriate Prandtl and Grashof 
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numbers in building applications. Dascalaki et al. (1994) concluded from comparative 
statistical analysis that there is a good agreement between the available correlations (up 
to 35% difference from the mean value). Loveday and Taki (1996) concluded that 
individual differences between studies are likely to be the result of differing building 
geometries, microclimates and measurement conditions. 
 
Sharples (1984) examined velocity data obtained 1 m from the building surface, 6 m 
above the roof, and from the weather station and correlated them with the CHTC. 
Existing design guide values of forced convective coefficients are found to be of the 
correct magnitude, even though the inputs used are physically unrelated to actual 
buildings. Sharples (1984) also found out that the greatest convective cooling losses 
occur at the corner sites on the highest level of a building. This is particularly so when the 
corner sites are at the trailing edge and the wind directions are between 50 and 70o to the 
normal of the facade.  
 
Figure 12. Linear regression of CHTC on wind speed data from weather station anemometers (Sharples, 
1984). 
 
Niachou et al. (2001) concluded that for non-insulated roofs with and without the green 
roof, the estimated differences of the heat transfer coefficient varied from 6 to  
16 Wm-2K-1. Hoyano, A. (1988) assumed a small CHTC between the outdoor air and 
outdoor surface of the wall of approximately 4 kcalm-2h-1K-1. 
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Many approaches have been used to introduce passive cooling in buildings. However, an 
in-depth study on the impact of a green roof in tropical countries like Singapore is not 
available. As a result, a parametric study is done to examine the cooling effects of a green 
roof under local conditions.  
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3. Formulation of problem 
 
A green roof comprises the canopy, the soil, and the support. 
 
Figure 13: Green roof 
 
The outdoor conditions include short-wave radiation flux, long-wave radiation flux from 
the sky, temperature and moisture content of the air, and wind speed. 










1 27.4 0 1.2 95.2 
2 27.5 0 1.2 94.2 
3 27.5 0 1.3 93.1 
4 27.4 0 1.1 92.7 
5 27.4 0 0.2 91.6 
6 27.6 0 0.9 91.1 
7 27 2 4.5 93.6 
8 27 242 3.4 92.3 
9 27.5 509 0.8 89.8 
10 28.5 737 1.2 86.3 
11 29.3 909 1.8 82.6 
12 29.6 1011 2.5 80.5 
13 29.7 1038 2.8 80.3 
14 30.1 986 2.9 78.9 
15 30.2 860 3.5 78.6 
16 30.4 668 3.5 80.8 
17 30.2 425 2.4 82.7 
18 30.4 151 2.2 79.5 
19 30.4 0 1.6 79.2 
20 30.4 0 1.7 78 
21 30 0 1.6 82.9 
22 29.8 0 1 84.8 
23 29.7 0 0.7 84.1 
24 29.5 0 0.5 84.6 
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The sky temperature, skyT  (in 
oC) can be easily obtained using ( 8 ) and ( 9 ) (Berdahl and 
Fromberg, 1982). 
 TT skysky
4/1  ( 8 ) 
 
dpsky T0062.0741.0    ( 9 ) 
 
Dew point temperature, dpT  (in 








































( 10 ) 
 
Given the dimensions of a roof, its properties are assumed to be homogeneous in the 
horizontal plane. In other words, heat flux is predominantly vertical and a one-





A canopy consists of leaves and air within the leaf cover (canopy air). Energy flows into 
or out of the canopy through the following processes: 
 
1. Short-wave (solar) radiation is absorbed by the leaves; 
 
2. Long-wave radiation (TIR) takes place between the leaves and the sky, the leaves 
and the ground surface, and among the leaves themselves; 
 
3. Convective heat transfer takes place between the leaves and the canopy air, and 
between the ground surface and the canopy air; 
 
4. Evapotranspiration in leafs. Water needs to evaporate inside the leaves (stomatal 
cavity), before emerging at the leaves surface through vapour diffusion. It is then 
transported to the canopy air; 
  
5. Convective heat transfer takes place between the canopy air and the free air. 
 
In order to accurately describe the canopy, one faces two major difficulties. Firstly, the 
foliage is complex and non-homogeneous. Secondly, the direction and magnitude of the 
energy fluxes of energy cannot be exactly predicted due to the turbulent nature of the air 
within (and above) a canopy.  
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One-dimensional models of the canopy can be used when the horizontal scale is much 
larger than the typical dimension of any foliage element. 
 
The canopy should not be regarded as homogeneous in the vertical direction if the 
profiles of temperature and humidity are to be reproduced. However, the cooling 
potential of the green roofs is of greater concern to us than the profiles themselves. As a 
result, the canopy will be represented as one homogeneous layer, characterized by the 
leaf and canopy air temperatures.  
 
Figure 14. Single layer representation of a canopy. 
 
The mean energy balance equations in a canopy are:  
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( 11 ) 
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( 12 ) 
 
Samson and Lemeur (2001) assumed that the specific heat capacity of the foliage is 
roughly 70% of the value of the specific heat of water (thus 2930 J kg–1K–1). 
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Net thermal radiation 
 
As described by Beer’s Law, the average irradiance at any level tends to decrease 
exponentially with increasing depth assuming that the canopy is a homogeneous absorber. 
 kzII oz  exp  ( 13 ) 
 
Also, assuming that the canopy consists of randomly arranged horizontal leaves (opaque) 
with a canopy leaf area index that can be divided into a number of horizontal layers each 
containing equal areas and within which no leaves overlap, the average irradiation on a 
horizontal surface below that canopy is given by:  
 kLAIII oz  exp  ( 14 ) 
 
In the long-wave range, transmittance and reflectance of the leaf tissue are negligible. 
Radiation will be transmitted as long as a leaf never intercepts it. The long-wave 
transmittance lw  is affected only by the geometrical properties of the canopy. It can be 
represented as: 
 LAIklwlw  exp  ( 15 ) 
 
with lwk , the   for long-wave radiation, that can be analytically calculated for some idealized 
leaf angle distributions. For leaves distributed horizontally, lwk  has an approximate value of 
1. For leaves distributed vertically, lwk  is around 0.44. When the leaves are aligned at 45
o to 
the horizontal plane, lwk  has a value of roughly 0.83. For conical shaped canopy, lwk  is 
around 0.7 (Palomo Del Barrio, 1998). From equation ( 15 ), it can be observed that a low 
 20 
extinction coefficient enables radiation to pass through easily. 
 
A canopy absorbs a fraction equal to (1 - lw ) the long-wave radiation it receives. The net 
thermal radiation flux in a canopy is then written as: 
   444, 21 pgskylwTIRrad TTT    ( 16 ) 
 
Net solar radiation 
 
The sum of the radiation that goes through without being intercepted and the radiation that is 
either transmitted or reflected downwards (or both) by any leaf within the canopy is the 
transmitted short-wave radiation. The short-wave transmittance sw of a canopy can be 
represented as: 
 LAIk swsw  exp  ( 17 ) 
 
The extinction coefficient swk is a function of the optical properties of the leaves, and is 
represented as: 
   lwttsw kk 21221    ( 18 ) 
 
with t and t the transmittance and reflectance of the leaf tissue, respectively. For a 
mean green leaf, the above equation results in swk = 0.74 lwk . For species with mainly 
horizontal leaves we have swk ≈1.10, and for species with mainly vertical leaves we get 
swk ≈0.29.  
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The reflectance of a canopy is always smaller than that of the leaves forming it. This is because 
the leaves within the canopy absorb a portion of the reflected radiation. Assuming a dense 
canopy, which completely covers the soil from the incident radiation, we have: 
  denselwsw   1  ( 19 ) 
 
where dense  is the reflectance of a dense canopy. 
 
A canopy absorbs a fraction equal to 1 - sw - sw of the short-wave radiation it receives. 
The net solar radiation flux absorbed by a canopy is then written as: 
   sgswswswsolrad   11,  ( 20 ) 
 
where s represents the solar radiation at the top of the canopy, and  gsw s  the solar 
radiation reflected by the ground. 
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Convective heat transfer between the canopy and the canopy air 
 
Newton’s law of convection governs the transfer of sensible heat between the foliage and the 
canopy air:  







 2,,  
( 21 ) 
 
where er is the canopy external resistance (aerodynamic resistance). According to Jensen et 



























( 22 ) 
 
where c , the Von Karman's constant for turbulent diffusion has a value of 0.41.  
 
Displacement and roughness heights are represented as fixed proportions of the canopy 
height: 
0.67Ldh   ( 23 ) 
 





The energy flux consumed to let water evaporate in leaves may be represented by: 











 2,  
( 25 ) 
 
where   is the psychrometric constant (PaK–1), pe and ae are the vapour pressure at the 
leaf surface and at the canopy air, respectively, and ir is the internal resistance to vapour 
transfer of the canopy, or bulk stomatal resistance.  
 
Figure 15. Electrical analogue of bulk stomatal resistance and aerodynamic resistance  
(Jensen et al., 1990). 
 
pe is usually taken to be the saturated vapour pressure because relative humidity is close to 1 at 
the leaf surface (Kirnak and Short, 2001). The saturated vapour pressure sate  is calculated 

















( 26 ) 
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In order to determine the bulk stomatal resistance, a scheme, originally proposed by 













































( 29 ) 
 
vpdF 025.013   ( 30 ) 
 
 24 0.2980016.01 aTF   ( 31 ) 
 
minsr is the minimum resistance of the foliage to water vapour transfer under stress-free 
conditions (optimum soil moisture, ambient vapour pressure, temperature, and radiation 
availability). It has a value of roughly 100 sm-1. sl  is the radiation limit at which 
photosynthesis is assumed to start. In this study, sl  is taken as 100 Wm
-2 as a 
representative value for crop-like vegetation (Noilhan and Planton, 1989). maxsr is the 
maximum stomatal resistance and is set at a constant value of 5000 sm-1 (Jacquemin and 
Noilhan, 1990). In the 2F term,   is the soil moisture value and wilt  and sat are the 
wilting and saturated soil moisture values, respectively. wilt  has a value of  
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0.218 m3m-3 and sat has a value of 0.477 m
3m-3 (Clapp and Hornberger, 1978; Cosby et 
al.,1984). vpd  is the vapour pressure deficit given by sate - ae , where sate is the saturated 
vapour pressure at the surface temperature pT .  
 
Heat flux between the ground surface and the canopy air 
 
Considering Newton’s law of convection for the transfer of sensible heat between the 
ground surface and the canopy air, 
 agggaconv TTh ,  ( 32 ) 
 
where aT  is the temperature of the canopy air, gT  the temperature of the soil surface, and 
gh  (W m
-2 K-1) the convective heat transfer coefficient. 
 
Heat flux between the canopy air and the outdoor air 
 
The heat flux caused by mass transfer between the canopy air and the free air may be 
obtained: 
     TTcRL aaaconv  ,  ( 33 ) 
 




The modeling of heat transfer in soils is difficult because the thermal properties cannot be 
easily estimated. Soils consist of minerals, organic material, water (as vapour, liquid, and 
solid), solutes, air, and other gases, each of which affects the physical behavior of the soil. 
In addition, they are non-homogeneous and non-isotropic, and many of the properties are 
strong functions of moisture content and, to a lesser degree, temperature. Measured 
values are only valid for specific conditions therefore, correlations based on physical 
models and empirical observations of soil behavior should be used. 
 
Heat transfer in soil occurs through many different paths. They include conduction 
through the soil grains, liquid, and gases; latent heat transfer through evaporation-
condensation cycles; sensible heat transfer by vapour and liquid diffusion and convection; 
and radiation in the gas-filled pores. The relative magnitudes of the heat-transfer terms 
depend on the soil composition, structure, temperature, and moisture content. A 
simplified diagram of the main heat-transfer paths is shown below. 
 
 
Figure 16. Simplified diagram of the major heat transfer paths in soil. 
 
Usually, conduction through the soil particles is the dominant heat transfer mode (de 
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Vries, 1958). Increasing the dry density allows better contact between soil particles, and 
adding colloidal clay particles to a coarse soil can reduce the contact resistance by filling 
in the voids. As a result, the thermal conductivity is improved. Adding moisture to a dry 
soil provides another path for heat flow. When moisture levels approach saturation, the 
soil can conduct heat better because gases, which have lower thermal conductivities, are 
replaced by higher thermally conductive moisture.  
 
In the gas-filled pores of unsaturated soils, liquid water evaporates on the warm side, 
absorbing the latent heat of vaporization and reducing the radius of the meniscus. 
Diffusion occurs because of the vapour pressure gradient, and the vapour condenses on 
the other side of the pore, releasing the latent heat of vaporization and increasing the 
meniscus radius. At steady state, the imbalance in menisci radii induces capillary liquid 
flow between the soil grains to balance the vapour flow (Philip and de Vries, 1957). This 
process is significant to the overall thermal conductivity because the effective thermal 
conductivity of the vapour distillation cycles is larger than the thermal conductivity of the 
gas-filled pores alone (deVries, 1958).  
 
One example of forced convection in soils is the infiltration of liquid at the ground 
surface, which can be significant for a short time after a large rain or irrigation. 
Groundwater flow, which is usually parallel to the ground surface, affects the vertical 
heat transfer by providing a large heat sink and a source of moisture. It is significant only 
in coarse sands and gravel.  
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There is little heat transfer in all three modes, for the soils. Free convection is only 
significant in soils having particle sizes larger than 8 mm. Sensible heat transfer by 
vapour convection or diffusion is negligible because of the vapour’s low volumetric heat 
capacity. Radiation heat transfer contributes less than 1% of the total heat transfer in 
sands at normal atmospheric temperatures and is much lower in finer-grained soils.  
 
By averaging microscopic balance and transfer equations (at the pore scale) over a 
representative volume, the macroscopic balance equations are obtained. The size of the 
representative volume should be large relative to the typical size of pore or grain. 
 
The following assumptions are made: 
 
1. The thermal gradient in the horizontal plane is assumed to be zero;  
2. The soil is isotropic; 
3. The liquid and vapour phases are always in equilibrium; 
4. Pores are assumed to be small. The total pressure is then regarded as constant and 
the net air transfer is assumed to be zero. 
 
The macroscopic balance equations can be written as: 
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( 35 ) 
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Assuming constant moisture profiles within the soil, the equation becomes: 



















s   
( 36 ) 
 
Soil thermal conductivity is a function of the moisture content; temperature; and the size, 
shape, orientation, packing, and type of grains that make up the soil matrix. The moisture 
content has the largest effect and can change the thermal conductivity by more than a 
factor of 10. Some researchers have used seasonal values of thermal conductivity to 
account for changing moisture content (Bligh and Willard, 1985).  
 












































( 37 ) 
 
where app  is the soil apparent density (kgm
-3),   the volumetric moisture content, s  
the thermal conductivity (Jm-1s-1K-1), and  Sc  the thermal capacity (J m-3K-1). s  
values calculated with this formula involved a relative error lower than 7% in most cases. 
 
The soil thermal capacity can be estimated as: 




The non-isothermal soil vapour diffusivity vTD  (kgm














( 39 ) 
 
where D  is the diffusion coefficient of water vapour in air (m2s-1),   is the latent heat of 
vaporization (Jkg-1), vR the gas constant of water vapour (Jkg
-1K-1), P  the total pressure 
















( 40 ) 
 
with sp  the saturated water pressure (Pa), wM  the mass of a mole of water, and   is the 
soil water potential (Jkg-1). The soil water potential is estimated from a measured 
characteristic curve for surface organic tundra soils. The characteristic curve is the 
relationship of extraction pressure and volumetric soil water content (Fraver, 2003).  
 584532 10*02334.610*47234.100138392.00631116.049193.16127.12exp100     ( 41 ) 
 
where   is the extraction pressure (kPa) and    is the soil water content (% by volume).  
 
The extraction pressure is converted to soil water potential   by the following equation: 
w

 1000  
( 42 ) 
 




The vapour diffusion in a porous medium is obviously lower than that in free air and 












 1  
( 43 ) 
 
where oD , is the vapour diffusion coefficient in free air  (=0.611 x 10
-4 m2s-1),   a 
constant value: 0.58-0.67, app  represents the apparent density (mass of the particles 
divided by the total volume of the disperse body, including pores), and s the specific 
gravity of particles. Usually, the value of s  for soils is 2700 kgm
-3. 
 
Considering continuity of state at the canopy-soil interface,  
topsg TT ,  ( 44 ) 
 





 444 11   
( 45 ) 
 
Similarly, for the soil-support interface,  











  )(  
( 47 ) 
 
The roof support is assumed to be waterproof and impermeable to water vapour. 
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Roof support model 
 
The roof support is considered to be a homogeneous layer of solid material with constant 
thermal properties, waterproof and impermeable to water vapour. The energy balance 
















( 48 ) 
 
where  cc  and c  represent the thermal capacity and thermal conductivity of the 






 ,  
( 49 ) 
 
where inT  refers to the indoor air temperature and bottomcT ,  the temperature at the bottom 
of the roof support. 
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Alhama et al. (1997) suggested expressing the heat transfer equations into an electrical 
circuit and obtaining all of the output signals using a simulation program of electrical 
circuits. Thus, the solving of complex differential equations can be avoided.  
 
Figure 17. Equivalent electrical model (Alhama et al., 1997). 
 
Another approach is to discretize the heat transfer equations using a finite difference 
approach (Holman, 1992; Cengel, 2003; Russell and Probert, 2004). The system of 
equations is solved using the Wegstein method because it is stable and it accelerates 
convergence.  
 
The Wegstein method may be used for the solution of the equations of the form 
 xgx   ( 50 ) 
 
 
Starting with an initial value of 1x , we first obtain another estimation of the root from 




As shown in Figure 18, 2x  does not have to be closer to the root than 1x . At this stage, 
we estimate the function  xg  with a line passing from the points   11, xgx  and 
  22 , xgx  















( 52 ) 
 
and find the next estimation of the root, 3x , from the intersection of the line described by 
( 52 ) and the line y  = x : 
   








( 53 ) 
 
It can be seen from Figure 18a that 3x is closer to the root than either 1x and 2x . In the 
next iteration we pass the line from the points   22 , xgx  and   33 , xgx  and again 
evaluate the next estimation of the root from the intersection of this line with y  = x . 
Therefore, the general iterative formula for the Wegstein method is 
   














( 54 ) 
 
 
Figure 18. Wegstein method. 
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By proposing an initial guess and subjecting the model to the same climatic data during 
each run until the temperature of each node returns to the same value at the same time in 
each day’s simulation, the building is in thermal harmony with the environment. 
 
The modeling of the planted, unplanted, and bare roof is done using the finite difference 







4. Discussion of results 
 
In total, 3 setups are investigated. The first setup is a bare roof, which comprises a layer 
of concrete over the indoor air. Next, an unplanted roof is investigated. The difference 
between a bare roof and an unplanted roof is the additional layer of soil. The thickness, 
volumetric moisture content, and density of the soil are varied to examine their effects.  
Lastly, the planted roof is studied. The LAI of the plant is varied to investigate their 




This setup involves a 0.15 m thick of concrete lying above a room 3 m in height. The 
model is first tested for grid independence and time independence.  After satisfying both 
criteria, the temperature profiles are plotted.  
 
Figure 19. Hour 1: Temperature profile (support). 
 
At hour 1 (Figure 19), the top of the roof (depth=0 m) is at a lower temperature relative to 
the bottom of the roof (depth=0.15 m) and the room temperature. This is expected 
because of forced convection taking place outside. 
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Temperature profiles of hours 2 to 7 are similar to the one shown in Figure 19 and are 
found in Appendix D for the temperature profiles of the bare roof over 24 hours. 
 
Figure 20. Hour 8: Temperature profile (support). 
 
At hour 8 (Figure 20), the top of the roof has risen to more than 30oC. This is mainly due 
to solar radiation absorbed by the roof. Also, a point to note is that the temperature 
gradient is very much steeper near the top of the roof because the thermal diffusivity of 
concrete is relatively low. 
 




Figure 22. Hour 13: Temperature profile (support). 
 
From hours 9 to 13 (Figure 21 and Figure 22), the temperature of the rooftop rises 
steadily from 33.6oC to a high of 38oC. This is expected because the solar heat flux 
reaches a maximum then. Refer to Table 1 for the climatic data used in this program. 
 
Figure 23. Hour 14: Temperature profile (support). 
 
 
Figure 24. Hour 19: Temperature profile (support). 
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From hours 14 to 19 (Figure 23 and Figure 24), the temperature of the rooftop falls 
steadily from slightly less than 38oC to roughly 29.8oC. This is attributable to the 
reduction in solar heat flux. 
 
Temperature profiles of hours 20 to 21 are very similar to those of hour 19. 
 
Figure 25. Hour 22: Temperature profile (support). 
 
Temperature profiles of hours 22 (Figure 25) to 24 are very similar to those of hour 1. 
The rooftop is colder than the bottom of the roof and the room temperature because of 
forced convection. 
 
To sum up, the top of the roof experiences large variations in temperature over 24 hours. 
It has a minimum temperature of roughly 29.7oC and a maximum of roughly 38oC. On 




In this setup, we have a layer of soil on top of the concrete. The soil thickness is varied – 
0.15 m, 0.20 m, and 0.25m. Upon testing for grid and time independence, the temperature 
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profiles are plotted. Refer to Appendix E for the temperature profiles of the roof over 24 
hours. 
 
Figure 26. Hour 1: Temperature profiles of unplanted roof with different soil thickness. 
 
At hour 1 (Figure 26), the top soil is at a lower temperature because of forced convection 
taking place outside. Although there appears to be phase differences among the 3 
configurations, it is actually because of the way the temperature profiles are plotted. The 
soil with a thickness of 0.15 m starts from 0 m in depth. A thicker soil layer will start 
from a negative depth so that it is easier to compare the temperature profiles of the 
concrete and the room.  
 
Figure 27. Hour 8: Temperature profiles of unplanted roof with different soil thickness. 
 
From hours 2 to 7, the temperature profiles do not differ too much. At hour 8 (Figure 27), 
the temperature of the top soil starts to rise. 
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Figure 28. Hour 9: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 29. Hour 13: Temperature profiles of unplanted roof with different soil thickness. 
 
From hours 9 to 13 (Figure 28 and Figure 29), it rises from 31.5 oC to 34 oC.  
 




Figure 31. Hour 18: Temperature profiles of unplanted roof with different soil thickness. 
 
From hours 14 to 18 (Figure 30 and Figure 31), the temperature of the top soil falls from 
33.5oC to 28.8oC. Again, it is due to the reduction in solar heat flux. 
 
Figure 32. Hour 19: Temperature profiles of unplanted roof with different soil thickness. 
 
 




Figure 34. Hour 21: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 35. Hour 22: Temperature profiles of unplanted roof with different soil thickness. 
 
 




Figure 37. Hour 24: Temperature profiles of unplanted roof with different soil thickness. 
 
From hours 19 to 24 (Figure 32 to Figure 37), there appears to be minimal differences 
among the 3 configurations. Increasing the soil depth does not affect the thermal 
performance of the green roof by too much. Despite varying the soil depth, the 
temperature of the room lies at roughly 27.5oC. This is cooler than the bare roof by 
around 2oC. 
 
After investigating the impact of the soil thickness, we will look at the soil volumetric 
moisture content next. Three configurations are investigated – 30%, 40%, and 50%. 
Refer to Appendix F for the temperature profiles of the roof over 24 hours. 
 
Figure 38. Hour 1: Temperature profiles of unplanted roof with different soil moisture contents. 
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At hour 1 (Figure 38), the temperatures of the top soil are lower because of forced 
convection.  
 
Figure 39. Hour 8: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 40. Hour 13: Temperature profiles of unplanted roof with different soil moisture contents. 
 
From hours 8 to 13 (Figure 39 and Figure 40), the temperatures of the top soil rise from 
28.2oC to a peak of 34oC. After that, the temperatures fall with the reduction in heat flux. 
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Figure 41. Hour 19: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 42. Hour 20: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 43. Hour 21: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 




Figure 45. Hour 23: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 46. Hour 24: Temperature profiles of unplanted roof with different soil moisture contents. 
 
From hours 19 to 24 (Figure 41 to Figure 46), there is not much difference among the 3 
configurations. The temperature of the room is roughly 2oC lower than that of the bare 
roof. 
 
Finally, we will study the effect of choosing a different density for the soil. 1100 kgm-3 
and 1500 kgm-3 are the two possible configurations. Refer to Appendix G for the 
temperature profiles of the roof over 24 hours. From hours 1 to 18, the temperature 




Figure 47. Hour 19: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 48. Hour 20: Temperature profiles of unplanted roof with different soil densities. 
 
 




Figure 50. Hour 22: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 51. Hour 23: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 52. Hour 24: Temperature profiles of unplanted roof with different soil densities. 
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From hours 19 to 24 (Figure 47 to Figure 52), the two configurations show different 
cooling properties but the differences are not great. Again, the temperature of the room is 




LAI of 2, 3, 4, and 5 are investigated. Refer to Appendix H for the temperature profiles 
of the roof over 24 hours. 
 
Figure 53. Hour 1: Temperature profiles of planted roof with different LAI. 
 
At hour 1 (Figure 53), there is roughly a 2oC difference between a LAI of 2 and 5. 
 
Figure 54. Hour 8: Temperature profiles of planted roof with different LAI. 
 




Figure 55. Hour 9: Temperature profiles of planted roof with different LAI. 
 
 
Figure 56. Hour 13: Temperature profiles of planted roof with different LAI 
 
From Figure 55 and Figure 56, the temperature of the top soil ( LAI =2) rises from 
roughly 31oC to around 33.5oC. The shading provided by a LAI of 5 shades the top soil 
so that its temperature never rises to above 27 oC during this period. 
 




Figure 58. Hour 18: Temperature profiles of planted roof with different LAI. 
 
From hours 14 to 18 (Figure 57 and Figure 58), the temperature of the top soil decreases 
steadily with the reduction in heat flux. 
 
Figure 59. Hour 19: Temperature profiles of planted roof with different LAI. 
 
From hours 19 (Figure 59) to hour 24, the temperature profiles are very similar to the 
temperature profile of hour 1.  
 
To sum up, with effective shading ( LAI of 5), the temperature of the room can be 








Solar radiation is reflected, scattered, and absorbed by dust, gas molecules, ozone, water 
vapour, and water droplets (fog and clouds) when passing through the earth’s atmosphere. 
The amount depleted depends on the atmospheric composition and length of the 
atmospheric path traversed by the sun’s rays.  
 
The ozone in the upper atmosphere absorbs most of the ultraviolet solar radiation. Part of 
the radiation is scattered by air molecules. Water vapour in the lower atmosphere causes 
the characteristic absorption bands observed in the solar spectrum at sea level.  
 
After passing through the atmosphere, extraterrestrial solar radiation is reduced in 
magnitude due to absorption by atmospheric gases and particulates. The amount absorbed 
defers with wavelength and the solar spectrum shows dips in regions of high absorption, 
called absorption bands. Aerosols and other particulates can have significant effects on 
terrestrial solar radiation. Diffuse sky radiation is solar beam radiation that has been 
multiply scattered out of the direct beam and downward through the atmosphere to the 
earth’s surface. This scattering is produced by 30 different atmospheric molecules and by 
larger particles of different types, including aerosols of water, dust, smoke, and 
particulates of other kinds. Since this diffuse radiation comes from all parts of the sky, its 
irradiance is difficult to predict and it varies with moisture content, particulate content, 
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and sun angle in any given day. For completely overcast conditions, the diffuse 
component accounts for all solar radiant heat gain. 
 
The total short-wavelength irradiance ( tE ) reaching a terrestrial surface is the sum of the 
direct solar radiation ( DE ), the diffuse sky radiation ( dE ), and the solar radiation ( rE ) 
reflected from surrounding surfaces. 
 
Figure 60. Wavelength of solar radiation. 
 
Solar radiation is concentrated at short wavelengths, as opposed to much longer 
wavelengths for most “earth-bound” thermal radiation so a particular material may 
exhibit entirely different absorptance properties for the two types of radiation. 
 
Predicting solar heat flux 
 
The earth’s orbital velocity varies throughout the year, so apparent solar time, as 
determined by a solar time sundial, varies from the time kept by a clock running at a 
uniform rate. The equation of time needs to be accounted for. The conversion between 
local standard time and solar time involves two steps. First the equation of time is added 
to the local standard time, and then a longitude correction is added. This longitude 
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correction is four minutes of time per degree difference between the local (site) longitude 
and the longitude of the local standard meridian for that time zone. Standard meridians 






( 55 ) 
 
The earth’s equatorial plane is tilted at an angle of 23.45o to the orbital plane, so the solar 
declination   (the angle between the earth-sun line and the equatorial plane) varies 
through out the year. This variation causes the changing seasons with their unequal 
periods of daylight and darkness.  
 
The sun’s position in the sky is expressed in terms of the solar altitude   above the 
horizontal and the solar azimuth   measured from the south. These angles depend on the 
local latitude LAT ; the solar declination  , which is a function of the date; and the hour 
angle H , where 
 
 





Figure 62.  Solar altitude. 
 
 1215  ASTH  ( 56 ) 
 












( 58 ) 
 
The surface solar azimuth   is defined as: 
   ( 59 ) 
 
The solar azimuth   is positive for afternoon hours and negative for morning hours. 
Likewise, surfaces that face west have a positive surface azimuth  ; those facing east 
have a negative surface azimuth. If   is greater than 900 or less than -900, the surface is 
in the shade. 
 
The angle of incidence   for any surface is defined as the angle between the incoming 
solar rays and a line normal to that surface. For any surface, the incident angle θ is related 
to  ,  , and the tilt angle of the surface   by 
 cossinsincoscoscos  ,  
where  =tilt angle of surface from horizontal 
( 60 ) 
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Direct Normal Irradiance 
 














( 61 ) 
 
where 
A =apparent solar irradiation at air mass m=0 
B =atmospheric extinction coefficient 
 
Values of A  and B  vary during the year because of seasonal changes in the dust and 
water vapour content of the atmosphere and because of the changing earth-sun distance. 
For very clear atmosphere, DNE can be 15% higher than the equation above. 
 
For locations where clear, dry skies predominate or conversely, where hazy and humid 
conditions are frequent the equation should be multiplied by the clearness number. 
 
Surface Direct Irradiance 
The surface direct irradiance DE , is represented by 
cosDND EE   ( 62 ) 
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Diffuse and Ground-Reflected Radiation 
 
The ratio Y of sky diffuse radiation on a vertical surface to sky diffuse radiation on a 
horizontal surface is given by 
 2cos313.0cos437.055.0 Y  for 2.0cos   ( 63 ) 
 
45.0Y  for 2.0cos   ( 64 ) 
 
Diffuse irradiance dE is given by 
DNd CYEE   for vertical surfaces ( 65 ) 
 
  2/cos1  DNd CEE  for surfaces other than vertical  ( 66 ) 
 
Ground-reflected irradiance rE  is given by 
    2/cos1sin  gDNr CEE   for surfaces at all orientations ( 67 ) 
 
where g  is ground reflectivity, often taken to be 0.2 for typical mixture of ground 
surfaces. 
 
The cooling load for a building depends on the heat gain through fenestration area, heat 
gain through exterior surfaces, heat gain through interior surfaces, infiltration and 





Heat Gain Through Fenestration Area 
 
The primary weather-related variable influencing the cooling load for a building is solar 
radiation. Windows represent one of the major factors in determining the overall energy 
performance of a building. To assess their net contribution to a building’s thermal 
balance it is necessary to know the heat transfer characteristics of glazing as a function of 
the climatic variables air temperature, long and short wave radiation and wind. Single 
glazing in the built-state is used in thin sheets and possesses little thermal capacity and 
negligible conductive resistance. Therefore, its thermal transmittance is highly dependent 
on the external convection coefficient. 
 
Figure 63. Variation of thermal transmittance with external convection coefficient. 
 
Direct beam solar heat gain bq : 
 SHGCEAq DWb   ( 68 ) 
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Diffuse solar heat gain dq : 
  IACSHGCEEAq
DrdWd
  ( 69 ) 
 
Conductive heat gain cq : 
 inWc TTUAq    ( 70 ) 
 
Total fenestration heat gain Q : 
cdb qqqQ   ( 71 ) 
 
Nonuniform exterior shading, caused by roof overhangs, side fins, or building projections, 
requires separate hourly calculations for the externally shaded and unshaded areas of the 
window in questions, with the inside shading solar heat gain coefficient (SHGC) still 
used to account for any internal shading devices. The shape and area of moving shadow 
falling across a given window from external shading elements during the course of a 
design day needs to be evaluated.  
 
Heat Gain Through Exterior Surfaces 
 
Heat gain through exterior opaque surfaces is a function of the mass and nature of the 
wall or roof construction, since those elements affect the rate of conductive heat transfer 
through the composite assembly to the interior surface. 
 
Sol-air temperature is the temperature of the outdoor air that in the absence of all 
radiation changes gives the same rate of heat entry into the surface as would the 
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combinations of incident solar radiation, radiant energy exchange with the sky and other 
outdoor surroundings, and convective heat exchange with the outdoor air. 
 







sot     
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( 74 ) 
 
For horizontal surfaces that receive long-wave radiation from the sky only, an appropriate 
value of R  is about 63Wm–2. Vertical surfaces receive long-wave radiation from the 
ground and surrounding buildings as well as from the sky, accurate R  values are hard 
to determine. When solar heat flux is high, surfaces of terrestrial objects usually have a 
higher temperature than the outdoor air; thus, their long-wave radiation compensates to 
some extent for the sky’s low emittance. Therefore, it is common practice to assume 
R =0 for vertical surfaces.  
 
A value of 0.026 for 
oh

 is appropriate for a light-colored surface, while 0.052 represents 
the usual maximum value for this parameter (i.e., for a dark-colored surface or any 
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surface for which the permanent lightness cannot be reliably anticipated). 
 
Heat Gain Through Interior Surfaces 
 
Whenever a conditioned space is adjacent to a space with a different temperature, transfer 




( 75 ) 
 
ib TT   may be considered to be the difference between the outdoor air and conditioned 
space design dry-bulb temperatures minus 3 oC when nothing is known except that the 
adjacent space is of conventional construction, contains no heat sources, and itself 
receives no significant solar heat gain. In some cases, the air temperature in the adjacent 
space will correspond to the outdoor air temperature or higher. 
 
For floors directly in contact with the ground or over an underground basement that is 
neither ventilated nor conditioned, heat transfer may be neglected for cooling load 
estimates. 
 63 
Infiltration and Ventilation Heat Gain 
 
Outdoor air must be introduced to ventilate spaces. As little as 0.5 Ls–1 of outdoor air per 
person is sufficient, provided the recirculated air is adequately decontaminated. For 
general applications, such as offices, 10 Ls–1 per person is suggested. Ventilation air is 
normally introduced at the air conditioner so it is a cooling coil load component instead 
of a space load component. 
 
Infiltration calculations are usually limited to doors and windows. In calculating window 
infiltration for an entire structure, the total window area on all sides of the building is not 
involved since wind does not act on all sides at the same time. Infiltration from all 
windows in any two adjacent wall exposures should be included. 
 
Heat Gain from Miscellaneous Sources 
 
Fans that circulate air through HVAC system add energy to the system because of fan 
inefficiency, as a consequence of air static and velocity pressure, and heat generated by 
motor and drive inefficiencies.  
 
Depending on the equipment, fan efficiencies generally range between 50% and 70%, 
with an average value of 65%. Thus, some 35% of the energy required by the fans 
appears as instantaneous heat gain to the air being transported. The “useful” 65% of the 
total fan energy that creates pressure to move air spreads out throughout the entire air 
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transport system in the process of conversion to sensible heat. The relatively small gains 
from fan motors and drives are normally disregarded unless the motors or the drives are 
located within the conditioned air stream. 
 
The heat gained or lost by supply duct systems is usually insignificant, unless return air 
duct systems are extensive. It is usually about 1% of space sensible cooling load. 
 
Air leakage out of (or into) ductwork is normally about the same or less. Outward leakage 
from supply ducts is a direct loss of cooling and/or dehumidifying capacity and must be 
offset by increased airflow (sometimes reduced supply air temperatures) unless it enters 
the conditioned space directly. Inward leakage to return ducts causes temperature and/or 
humidity variations, but these are often ignored under ordinary circumstances. 
 
The diffusion of moisture through all common building materials is a natural 
phenomenon that is always present. Moisture transfer through walls is often neglected 
because the actual rate is quite small and the corresponding latent heat gain is 
insignificant. 
 
Radiant Time Series Method 
 
Design cooling loads are based on the assumption of steady-periodic conditions. Thus the 
heat gain for a particular component at a particular hour is the same as 24 h prior, which 
is the same as 48 h prior, etc.  
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Cooling load calculations must address two time-delay effects inherent in building heat 
transfer processes: the delay of conductive heat gain through opaque massive exterior 
surfaces (walls, roofs, or floors), and the delay of radiative heat gain conversion to 
cooling loads. 
 
Exterior walls and roofs conduct heat due to temperature differences between the outdoor 
and indoor air. In addition, solar energy on exterior surfaces is absorbed, before being 
conducted to the inside of the building. There is a substantial time delay in heat input at 
the exterior surface becoming heat gain at the interior surface due to the mass and 
thermal capacity of the wall or roof construction materials. 
 
Most heat sources transfer energy to a room by convection and radiation. The convection 
part of heat gain immediately becomes cooling load. The radiation part has to be 
absorbed by the finishes and mass of the interior room surfaces first. It becomes cooling 
load only when it is later transferred by convection from those surfaces to the room air. 
Thus, radiant heat gains become cooling loads over a period of time. 
 
The RTS system accounts for both conduction time delay and radiant time delay effects 
by distributing heat gains over time. Series coefficients, which are called radiant time 
factors and conduction time factors, are derived using the heat balance method. Radiant 
time factors reflect the percentage of an earlier radiant heat gain that becomes cooling 
load during the current hour. Likewise, conduction time factors reflect the percentage of 
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an earlier heat gain at the exterior of a wall or roof that becomes cooling load during the 
current hour. By definition, each radiant or conduction time series must total 100%. 
 
Figure 64. Overview of Radiant Time Series Method. 
 
These series can be used to easily compare the time-delay impact of one construction 
from another.  
 
In the RTS method, conduction through exterior walls and roofs is calculated using 
conduction time series (CTS). Conductive heat gain through walls or roofs can be 
calculated using conductive heat inputs for the current hour and past 23 h and conduction 
time series: 
23,233,32,21,1,    iiiiio qcqcqcqcqcq   ( 76 ) 
where q  is the hourly conductive heat gain for the surface, ,iq  the heat input for the 




Conduction time factors for representative wall and roof types were derived by first 
calculating conduction transfer functions for each example wall and roof constructions. 
The assumption of steady-periodic heat input conditions for design load calculations 
allowed the conduction transfer functions to be reformulated into periodic response 
factors. The periodic response factors were simplified further by dividing the 24 h 
periodic response factors by the respective overall wall or roof  
U -factor to form the conduction time series (CTS).  
 
Heat gains calculated for walls or roofs using periodic response factors (and thus CTS) 
are identical to those calculated using conduction transfer functions for the steady 
periodic conditions assumed in design cooling load calculations. 
 
Most heat gain sources transfer energy by both convection and radiation. The convection 
portion of heat gain is assumed to immediately become cooling load in the hour in which 
that heat gain occurs.  On the other hand, the radiant portion of heat gain needs to be 
absorbed by the thermal masses in the zone before it can be transferred by convection 
into the space. As a result, there is a time lag and dampening effect. Radiant time factors 
are generated by a heat balance based procedure. A separate series of radiant time factors 
is theoretically required for each unique space. Generally, RTS variation depends 
primarily on the overall massiveness of the construction and the thermal responsiveness 
of the surface. 
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Radiant time factors are used to calculate the cooling load for the current hour based on 
current and past heat gains. The hourly cooling load is calculated using the following 
equation: 
23,233,32,21,1,,    rrrrror qrqrqrqrqrQ   ( 77 ) 
where ,rQ  is the radiant cooling load for the current hour, ,rq  the radiant heat gain for 
the current hour, nrq ,  the radiant heat gain n hours ago, and or , 1r , etc. are the radiant 
time factors. The radiant cooling load for the current hour is then added to the convective 
portion to determine the total cooling load for that component for that hour. 
 
Two different series of radiant time factors are used - one for direct transmitted solar heat 
gain (radiant energy assumed to be distributed to the floor and furnishings only) and one 
for all other types of heat gains (radiant energy assumed to be uniformly distributed on all 
internal surfaces). Nonsolar RTS apply to radiant heat gains from people, lights, 
appliances, walls, roofs, and floors. Nonsolar RTS should also be used for diffuse solar 
heat gain and direct solar heat gain from fenestration with inside shading (blinds, drapes, 
etc.). The RTS methodology does not account for energy being transferred out of the 
space to the environment and thus predicted higher cooling loads. 
 
To summarize, the general procedure for calculating cooling load for each load 






1. Calculate 24 h profile of component heat gain for design day (for conduction, first 
account for conduction time delay by applying conduction time series).  
 
2. Split heat gains into radiant and convective parts. 
 
3. Apply appropriate radiant time series to radiant part of heat gains to account for time 
delay in conversion to cooling load.  
 
4. Sum convective part of heat gain and delayed radiant part of heat gain to determine 
cooling load for each hour for each cooling load component. 
 
After calculating cooling loads for each component for each hour, sum those to determine 
the total cooling load for each hour and select the hour with the peak load for design of 






To investigate the effects of changes to the parameters on the cooling load, the user can 
vary the values accordingly in the Inputs spreadsheet. There are several sections within 
this spreadsheet, namely, Solar and weather, Geographical location, Outdoor conditions, 
Walls, Roof, Windows, and Internal space. 
 
Solar and weather 
 
The parameters are: equation of time ( ET ), solar declination ( ), apparent solar 
irradiation at zero air mass ( A ), atmospheric extinction coefficient ( B ), sky diffuse 
factor (C ), and clearness number ( CN ).  
Table 2. Extraterrestrial Solar Irradiance and Related Data. 
  Equation of Time, min Solar declination δ, º A, W/m2 B C 
Jan -11.2 -20 1230 0.142 0.058 
Feb -13.9 -10.8 1215 0.144 0.06 
Mar -7.5 0 1186 0.156 0.071 
Apr 1.1 11.6 1136 0.18 0.097 
May 3.3 20 1104 0.196 0.121 
June -1.4 23.45 1088 0.205 0.134 
July -6.2 20.6 1085 0.207 0.136 
Aug -2.4 12.3 1107 0.201 0.122 
Sep 7.5 0 1151 0.177 0.092 
Oct 15.4 -10.5 1192 0.16 0.073 
Nov 13.8 -19.8 1221 0.149 0.063 
Dec 1.6 -23.45 1233 0.142 0.057 
 
Upon deciding on the month of the year, the user can read the values of ET ,  , A , B , 
and C directly from the table shown above. This table is found in the Solar Irradiance 
Data spreadsheet. The default values of ET ,  , A , B , and C  are  
–6.2 min, 20.6o, 1085 Wm-2, 0.207, and 0.136 respectively. They are obtained from the 
month of July. 
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For locations where clear, dry skies predominate (e.g. at high elevations) or conversely, 
where hazy and humid conditions are frequent, the proper clearness number needs to be 




The parameters are local standard meridian, local longitude, and local latitude. Standard 
meridians are found every 15o from 0o at Greenwich, England (Greenwich Meridian). In 
the United States and Canada, these values are 60o for Atlantic Standard Time, 75o for 
Eastern Standard Time, 90o for Central Standard Time, 105o for Mountain Standard Time, 
120o for Pacific Standard Time, 135o for Alaska Standard Time, and 150o for Hawaii-
Aleutian Standard Time. The default values of local standard meridian, local longitude, 




The parameters are ground reflectivity and temperatures of outdoor air. It is often taken 
to be 0.2 for typical mixture of ground surfaces. For other surfaces, the angle- 
 72 
dependent solar reflectances can be obtained from the table below. It can also be found in 
the Solar Reflectances spreadsheet. 
Table 3. Solar reflectances of foreground surfaces. 
  Incident Angle, º 
Foreground surface 20 30 40 50 60 70 
New concrete 0.31 0.31 0.32 0.32 0.33 0.34 
Old concrete 0.22 0.22 0.22 0.23 0.23 0.25 
Bright green grass 0.21 0.22 0.23 0.25 0.28 0.31 
Crushed rock 0.20 0.20 0.20 0.20 0.20 0.20 
Bitumen and gravel roof 0.14 0.14 0.14 0.14 0.14 0.14 
Bituminous parking lot 0.09 0.09 0.10 0.10 0.11 0.12 
 
 





There are many parameters to consider in this section. Firstly, we have the surface 
azimuths of the 4 walls. The user needs to input the surface azimuth of the first wall 
(Wall 1). The surface azimuths of the remaining walls are calculated automatically. Of 
course, the assumptions are that the building in question has 4 walls and it is regular in 
shape. For instance, when the surface azimuth of Wall 1 is 45o, the surface azimuths of 
Wall 2, Wall 3, and Wall 4 are 135o, -135o, and -45o respectively.  
 
The tilt angle   refers to the angle between the wall and the horizontal surface. A value 
of 90o is assumed, implying that the walls are vertical. Next, the user needs to input the 
surface areas of the 4 walls. 
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In the calculation of sol-air temperature, the following variables are encountered: the 
absorptance of surface for solar radiation  , the convection heat transfer coefficient oh , 
the colour of surface, the hemispherical emittance of surface  , and the difference 
between long-wave radiation incident on surface from sky and surroundings and radiation 
emitted by blackbody at outdoor air temperature R . Vertical surfaces receive long-
wave radiation from the ground and surrounding buildings as well as from the sky, 
accurate R  are difficult to determine. When solar radiation intensity is high, surfaces of 
terrestrial objects usually have a higher temperature than the outdoor air; thus, their long-
wave radiation compensates to some extent for the sky’s low emittance. Therefore, it is 
common practice to assume R  to be 0 Wm-2. The convection heat transfer coefficient 
is assumed to be 17.3 Wm-2K-1. Next, the user needs to input the colour of the wall 
surfaces. A light-coloured wall requires an input of 0, while a dark-coloured wall requires 
an input of 1. After this data is fed, the ratio of 
oh

 is updated automatically. The value of 
0.026 is appropriate for a light-coloured surface, while 0.052 represents the usual 
maximum value for this parameter (i.e., for a dark-coloured surface or any surface for 
which the permanent lightness can not reliably be anticipated).   can be calculated 
automatically. 
 
Depending on the type of wall used, the user needs to key in the U -factor and the 
conduction time series (CTS).  
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Table 4. Wall conduction time series. 
  CURTAIN WALLS STUD WALLS EIFS 
Wall Number= 1 2 3 4 5 6 7 8 9 10 
U-Factor, Wm-2K-1 0.428 0.429 0.428 0.419 0.417 0.406 0.413 0.668 0.305 0.524 
Total R 2.3 2.3 2.3 2.4 2.4 2.5 2.4 1.5 3.3 1.9 
Mass, kgm-2 31 20.9 80 25.5 84.6 25.6 66.7 36.6 38.3 130.9 
Thermal Capcity, Wm-2K-1 8.5 5.4 19 7 20.5 9.3 17.1 10.2 10.6 33.2 
Hour Conduction Time Factors, % 
0 18 25 8 19 6 7 5 11 2 1 
1 58 57 45 59 42 44 41 50 25 2 
2 20 15 32 18 33 32 34 26 31 6 
3 4 3 11 3 13 12 13 9 20 9 
4 0 0 3 1 4 4 4 3 11 9 
5 0 0 1 0 1 1 2 1 5 9 
6 0 0 0 0 1 0 1 0 3 8 
7 0 0 0 0 0 0 0 0 2 7 
8 0 0 0 0 0 0 0 0 1 6 
9 0 0 0 0 0 0 0 0 0 6 
10 0 0 0 0 0 0 0 0 0 5 
11 0 0 0 0 0 0 0 0 0 5 
12 0 0 0 0 0 0 0 0 0 4 
13 0 0 0 0 0 0 0 0 0 4 
14 0 0 0 0 0 0 0 0 0 3 
15 0 0 0 0 0 0 0 0 0 3 
16 0 0 0 0 0 0 0 0 0 3 
17 0 0 0 0 0 0 0 0 0 2 
18 0 0 0 0 0 0 0 0 0 2 
19 0 0 0 0 0 0 0 0 0 2 
20 0 0 0 0 0 0 0 0 0 2 
21 0 0 0 0 0 0 0 0 0 1 
22 0 0 0 0 0 0 0 0 0 1 
23 0 0 0 0 0 0 0 0 0 0 
 
 
The user needs to select the most appropriate wall type from the table shown above. The 
highlighted portion showcases the possible values of the U -factor and CTS. It should be 
noted that the table shown above displays the properties of 10 wall types. Actually, a total 




Once this is done, the user needs to split the sensible heat gain into the convection portion 
and the radiant portion. By referring to the table below, the user can select the appropriate 
percentages to split the sensible heat gain. 
Table 5. Convective and radiant percentages of total sensible heat gain. 
Heat Gain Source Radiant Heat, % Convective Heat % 
Transmitted solar, no inside shade 100 0 
Window solar, with inside shade 63 37 
Absorbed (by fenestration) solar 63 37 
Fluorescent lights, suspended, unvented 67 33 
Fluorescent lights, recessed, vented to return air 59 41 
Fluorescent lights, recessed, vented to return air and supply air 19 81 
Incandescent lights 80 20 
Conduction, exterior walls 63 37 
Conduction, exterior roofs 84 16 
Infiltration and ventilation 0 100 
Machinery and appliances 20 to 80 80 to 20  
 
 
This table is also available in the Splitting sensible heat gain spreadsheet. Upon entering 
the convective portion of the sensible heat gain, the radiant portion is calculated 
automatically.  
 
Then, the appropriate radiant time series (RTS) is applied to the radiant part of heat gains 
to account for the delay in conversion to cooling load. Radiant time factors are used to 
calculate the cooling load for the current hour based on current and past heat gains. Two 
different series of radiant time factors are available – one for directly transmitted solar 
heat gain (radiant energy assumed to be distributed to the floor and furnishings only) and 
one for all other types of heat gains (radiant energy assumed to be uniformly distributed 
on all internal surfaces). Nonsolar RTS apply to radiant heat gains from people, lights, 
appliances, walls, roofs, and floors. Nonsolar RTS should also be used for diffuse solar 
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heat gain and direct solar heat gain from fenestration with inside shading (blinds, drapes, 
etc.). Representative nonsolar RTS data for light, medium, and heavyweight 
constructions are shown in the table below. The table shown below can be found in the 
RTS (Nonsolar) spreadsheet. 
Table 6. Representative nonsolar RTS values for light to heavy construction. 
  Light Medium Heavy 
  With carpet No carpet With carpet No carpet With carpet No carpet 
% Glass 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 
Hour Radiant Time Factor, % 
0 53 55 56 44 45 46 52 54 55 28 29 29 47 49 51 26 27 28 
1 17 17 17 19 20 20 16 16 15 15 15 15 11 12 12 12 13 13 
2 9 9 9 11 11 11 8 8 8 10 10 10 6 6 6 7 7 7 
3 5 5 5 7 7 7 5 4 4 7 7 7 4 4 3 5 5 5 
4 3 3 3 5 5 5 3 3 3 6 6 6 3 3 3 4 4 4 
5 2 2 2 3 3 3 2 2 2 5 5 5 2 2 2 4 4 4 
6 2 2 2 3 2 2 2 1 1 4 4 4 2 2 2 3 3 3 
7 1 1 1 2 2 2 1 1 1 4 3 3 2 2 2 3 3 3 
8 1 1 1 1 1 1 1 1 1 3 3 3 2 2 2 3 3 3 
9 1 1 1 1 1 1 1 1 1 3 3 3 2 2 2 3 3 3 
10 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 3 3 3 
11 1 1 1 1 1 1 1 1 1 2 2 2 2 2 1 3 3 2 
12 1 1 1 1 1 0 1 1 1 2 2 2 2 1 1 2 2 2 
13 1 1 0 1 0 0 1 1 1 2 2 2 2 1 1 2 2 2 
14 1 0 0 0 0 0 1 1 1 1 1 1 2 1 1 2 2 2 
15 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 
16 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 
17 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 
18 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 
19 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 2 2 2 
20 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 2 2 2 
21 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 2 2 2 
22 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 2 1 1 






The parameters are: tilt angle  , surface area of the roof, R , CTS, convective and 
radiant portion of total sensible heat gain, and RTS.  
 
The tilt angle of the roof has a value of 0o because it is a horizontal surface. The user 
needs to input the surface area of the roof. For horizontal surfaces that receive long-wave 
radiation from the sky only, an appropriate value of R  is about 63 Wm-2, so R  is also 
63 Wm-2 (because ε is approximated to be close to unity).  
 
Depending on the type of roof used, the user needs to key in the U -factor and the 
conduction time series (CTS).  
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Table 7. Roof conduction time series. 
 SLOPED FRAME ROOFS WOOD DECK 
Roof Number= 1 2 3 4 5 6 7 8 
U-Factor, Wm-2K-1 0.249 0.227 0.255 0.235 0.239 0.231 0.393 0.329 
Total R 4 4.4 3.9 4.2 4.2 4.3 2.5 3 
Mass, kgm-2 26.7 21 14 34.7 55.5 34.9 48.9 55.9 
Thermal Capcity, Wm-2K-1 7.3 4.6 3.5 12.9 20.2 13 21 22.1 
Hour Conduction Time Factors, % 
0 6 10 27 1 1 1 0 1 
1 45 57 62 17 17 12 7 3 
2 33 27 10 31 34 25 18 8 
3 11 5 1 24 25 22 18 10 
4 3 1 0 14 13 15 15 10 
5 1 0 0 7 6 10 11 9 
6 1 0 0 4 3 6 8 8 
7 0 0 0 2 1 4 6 7 
8 0 0 0 0 0 2 5 6 
9 0 0 0 0 0 1 3 5 
10 0 0 0 0 0 1 3 5 
11 0 0 0 0 0 1 2 4 
12 0 0 0 0 0 0 1 4 
13 0 0 0 0 0 0 1 3 
14 0 0 0 0 0 0 1 3 
15 0 0 0 0 0 0 1 3 
16 0 0 0 0 0 0 0 2 
17 0 0 0 0 0 0 0 2 
18 0 0 0 0 0 0 0 2 
19 0 0 0 0 0 0 0 2 
20 0 0 0 0 0 0 0 1 
21 0 0 0 0 0 0 0 1 
22 0 0 0 0 0 0 0 1 
23 0 0 0 0 0 0 0 0 
 
 
The user needs to select the most appropriate roof type from the table shown above. The 
highlighted portion showcases the possible values of the U -factor and CTS. It should be 
noted that the table above displays the properties of only 8 roof types. A total of 19 are 
available and they are found in the CTS (Roof) spreadsheet. 
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Once this is done, the user needs to split the sensible heat gain into the convection portion 
and the radiant portion. This can be done by referring to the Splitting sensible heat gain 
spreadsheet.  
 
The appropriate radiant time series (RTS) is then applied to the radiant part of heat gains 
to account for the time delay in conversion to cooling load. The appropriate RTS is 




The parameters are: surface azimuths, areas of the windows, direct solar heat gain 
coefficient as a function of incident angle  SHGC , diffuse solar heat gain coefficient 
(also known as hemispherical SHGC) 
D
SHGC , inside shading attenuation coefficient 
IAC , convective and radiant portion of sensible heat gain, and RTS.   
 
The surface azimuths of the windows are the same as the walls so the user can skip this 
portion. However, the user needs to input the total area occupied by the windows on each 
face of the building.  
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Then, the user has to select the most appropriate glazing type from the SHGC spreadsheet. 
The table shown below is but only a small selection from the spreadsheet itself. 
Table 8. Solar Heat Gain Coefficient for glazing systems. 
      Centre-of-Glazing Properties 
 Glazing System   Incidence Angles 
ID 
Glass Thick., 
mm    0.00 40.00 50.00 60.00 70.00 80.00 Hemis., Diffuse 
Uncoated Single Glazing 
1a 3 CLR  SHGC 0.86 0.84 0.82 0.78 0.67 0.42 0.78 
1b 6 CLR  SHGC 0.81 0.80 0.78 0.73 0.62 0.39 0.73 
1c 3 BRZ  SHGC 0.73 0.71 0.68 0.64 0.55 0.34 0.65 
1d 6 BRZ  SHGC 0.62 0.59 0.57 0.53 0.45 0.29 0.54 
1e 3 GRN  SHGC 0.70 0.68 0.66 0.62 0.53 0.33 0.63 
1f 6 GRN  SHGC 0.60 0.58 0.56 0.52 0.45 0.29 0.54 
1g 3 GRY  SHGC 0.70 0.68 0.66 0.61 0.53 0.33 0.63 
1h 6 GRY  SHGC 0.59 0.57 0.55 0.51 0.44 0.28 0.52 
1i 6 BLUGRN  SHGC 0.62 0.59 0.57 0.54 0.46 0.30 0.55 
 
 
For instance, if glazing system 1a is selected, the following properties are used: 
 00SHGC  =0.86,  040SHGC  =0.84,  050SHGC  =0.82,  060SHGC  =0.78, 
 080SHGC  =0.42, and 
D
SHGC =0.78. Once the following properties are keyed in, the 
program will calculate the solar heat gain coefficient by linear interpolation automatically. 
 045SHGC  will correspond to a value of 0.83. 
 
The inside shading attenuation coefficient is set as 1 because it is assumed that there is no 
inside shading device. The overall U -factor, including frame and mounting orientation is 
selected from the U-factor spreadsheet.  
 
Direct beam solar heat gain and diffuse solar heat gain are two components of the total 
fenestration heat gain. Upon arriving on the magnitude of these components, the two 
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terms need to be split into the convective portion and the radiant portion. The user can 
refer to the Splitting sensible heat gain spreadsheet for reference. The default values are 
0% (convective portion) and 100% (radiant portion) for direct beam and 37% (convective 
portion) and 63% (radiant portion) for diffuse beam. 
 
Once this is done, the appropriate radiant time series (RTS) is then applied to the radiant 
part of heat gains to account for the time delay in conversion to cooling load. For the 
diffuse beam, the appropriate RTS is selected from the RTS (Nonsolar) spreadsheet. For 
the direct beam, the user needs to consult the RTS (Solar) spreadsheet instead. 
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Table 9. Representative solar RTS values for light to heavy construction. 
  Light Medium Heavy 
  With carpet No carpet With carpet No carpet With carpet No carpet 
% Glass 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 
Hour Radiant Time Factor, % 
0 53 55 56 44 45 46 52 54 55 28 29 29 47 49 51 26 27 28 
1 17 17 17 19 20 20 16 16 15 15 15 15 11 12 12 12 13 13 
2 9 9 9 11 11 11 8 8 8 10 10 10 6 6 6 7 7 7 
3 5 5 5 7 7 7 5 4 4 7 7 7 4 4 3 5 5 5 
4 3 3 3 5 5 5 3 3 3 6 6 6 3 3 3 4 4 4 
5 2 2 2 3 3 3 2 2 2 5 5 5 2 2 2 4 4 4 
6 2 2 2 3 2 2 2 1 1 4 4 4 2 2 2 3 3 3 
7 1 1 1 2 2 2 1 1 1 4 3 3 2 2 2 3 3 3 
8 1 1 1 1 1 1 1 1 1 3 3 3 2 2 2 3 3 3 
9 1 1 1 1 1 1 1 1 1 3 3 3 2 2 2 3 3 3 
10 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 3 3 3 
11 1 1 1 1 1 1 1 1 1 2 2 2 2 2 1 3 3 2 
12 1 1 1 1 1 0 1 1 1 2 2 2 2 1 1 2 2 2 
13 1 1 0 1 0 0 1 1 1 2 2 2 2 1 1 2 2 2 
14 1 0 0 0 0 0 1 1 1 1 1 1 2 1 1 2 2 2 
15 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 
16 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 
17 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 
18 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 
19 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 2 2 2 
20 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 2 2 2 
21 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 2 2 2 
22 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 2 1 1 





The parameters are: room temperature and lighting load. The room temperature is 
assumed to be fixed at 23.9oC. To obtain the lighting load, the user needs to access the 
Lighting load spreadsheet. Once this spreadsheet is filled up, the total lighting load will 




Over 24 hours, the temperature of the top of a bare roof varies between 29.7oC and 38oC. 
The temperatures of the bottom of the roof and the room are around 29.7oC. 
 
When the roof has a layer of soil on top of it, the top of the soil has a maximum 
temperature of 34oC around noon time. The temperatures of the bottom of the roof and 
the room are about 27.5oC. The thickness of the soil layer is then increased to 0.20 m and 
0.25 m. There is no clear difference in the resultant room temperature. Next, the 
volumetric moisture content of the soil is varied to examine its impact on passive cooling. 
Three configurations are investigated – 30 %, 40 %, and 50 %. As before, the volumetric 
moisture content has little effect on the passive cooling– the room temperature is reduced 
by roughly 2oC in all three configurations. Finally, the density of soil is varied to study its 
effect on the temperature of the room. It is found that the thermal properties of the 
unplanted roof varies with soil density, however the difference is not great and the 
resultant room temperature is still reduced by around 2oC. 
 
When the leaf area index of a green roof is allowed to vary from 2 to 5, it is found that 
the higher the leaf area index, the more pronounced is the cooling effect. In fact, with a 
leaf area index of 5, the temperature of the room can be reduced by up to 5oC. 
 
Finally, the thermal performance of a green roof is calculated using conditions for a 
typical day. Research can be done to account for other temperatures conditions. 
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Reducing equation ( 11 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Air within canopy 
 





















( 81 ) 
 
 85 
Rearranging the terms, we have: 
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Reducing equation ( 45 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Reducing equation ( 36 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Rearranging the terms, we have: 
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Reducing equation ( 48 ) using the finite difference method, we have: 










































Rearranging the terms, we have:  
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Reducing equation( 49 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Reducing equation ( 49 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Substituting sw =1 and lw =1 into equation ( 45 ) and reducing using the finite difference 
method, we have: 
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Rearranging the terms, we have: 






























































( 106 ) 
 
         































































1   




Reducing equation ( 36 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Rearranging the terms, we have: 
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Reducing equation ( 48 ) using the finite difference method, we have: 
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Rearranging the terms, we have:  





















































   





























































Reducing equation ( 49 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Reducing equation ( 49 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Substituting sw =1 and lw =1 into equation ( 45 ) and replacing the soil properties with 
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Reducing equation ( 48 ) using the finite difference method, we have: 
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Rearranging the terms, we have:  
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Reducing equation ( 49 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Reducing equation ( 49 ) using the finite difference method, we have: 
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Rearranging the terms, we have: 
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Figure 65. Hour 1: Temperature profile (support). 
 
 
Figure 66. Hour 2: Temperature profile (support). 
 
 





Figure 68. Hour 4: Temperature profile (support). 
 
 
Figure 69. Hour 5: Temperature profile (support). 
 
 






Figure 71. Hour 7: Temperature profile (support). 
 
 
Figure 72. Hour 8: Temperature profile (support). 
 
 








Figure 74. Hour 10: Temperature profile (support). 
 
 
Figure 75. Hour 11: Temperature profile (support). 
 
 








Figure 77. Hour 13: Temperature profile (support). 
 
 
Figure 78. Hour 14: Temperature profile (support). 
 
 





Figure 80. Hour 16: Temperature profile (support). 
 
 
Figure 81. Hour 17: Temperature profile (support). 
 
 







Figure 83. Hour 19: Temperature profile (support). 
 
 
Figure 84. Hour 20: Temperature profile (support). 
 
 







Figure 86. Hour 22: Temperature profile (support). 
 
 
Figure 87. Hour 23: Temperature profile (support). 
 
 
Figure 88. Hour 24: Temperature profile (support). 
 
 106 
Appendix E. Temperature profiles of unplanted roof with different soil thickness 
over 24 hours 
 
 
Figure 89. Hour 1: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 90. Hour 2: Temperature profiles of unplanted roof with different soil thickness. 
 




Figure 92. Hour 4: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 93. Hour 5: Temperature profiles of unplanted roof with different soil thickness. 
 
 




Figure 95. Hour 7: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 96. Hour 8: Temperature profiles of unplanted roof with different soil thickness. 
 
 





Figure 98. Hour 10: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 99. Hour 11: Temperature profiles of unplanted roof with different soil thickness. 
 
 




Figure 101. Hour 13: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 102. Hour 14: Temperature profiles of unplanted roof with different soil thickness. 
 
 




Figure 104. Hour 16: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 105. Hour 17: Temperature profiles of unplanted roof with different soil thickness. 
 
 




Figure 107. Hour 19: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 108. Hour 20: Temperature profiles of unplanted roof with different soil thickness. 
 
 




Figure 110. Hour 22: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 111. Hour 23: Temperature profiles of unplanted roof with different soil thickness. 
 
 
Figure 112. Hour 24: Temperature profiles of unplanted roof with different soil thickness. 
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Appendix F. Temperature profiles of unplanted roof with different moisture 
content over 24 hours  
 
 
Figure 113. Hour 1: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 114. Hour 2: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 




Figure 116. Hour 4: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 117. Hour 5: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 




Figure 119. Hour 7: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 120. Hour 8: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 




Figure 122. Hour 10: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 123. Hour 11: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 




Figure 125. Hour 13: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 126. Hour 14: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 




Figure 128. Hour 16: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 129. Hour 17: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 




Figure 131. Hour 19: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 132. Hour 20: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 




Figure 134. Hour 22: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 135. Hour 23: Temperature profiles of unplanted roof with different soil moisture contents. 
 
 
Figure 136. Hour 24: Temperature profiles of unplanted roof with different soil moisture contents. 
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Appendix G. Temperature profiles of unplanted roof with different soil densities 
over 24 hours  
 
 
Figure 137. Hour 1: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 138. Hour 2: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 139. Hour 3: Temperature profiles of unplanted roof with different soil densities. 
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Figure 140. Hour 4: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 141. Hour 5: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 142. Hour 6: Temperature profiles of unplanted roof with different soil densities. 
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Figure 143. Hour 7: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 144. Hour 8: Temperature profiles of unplanted roof with different soil densities. 
 
 




Figure 146. Hour 10: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 147. Hour 11: Temperature profiles of unplanted roof with different soil densities. 
 
 





Figure 149. Hour 13: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 150. Hour 14: Temperature profiles of unplanted roof with different soil densities. 
 
 




Figure 152. Hour 16: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 153. Hour 17: Temperature profiles of unplanted roof with different soil densities. 
 
 




Figure 155. Hour 19: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 156. Hour 20: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 157. Hour 21: Temperature profiles of unplanted roof with different soil densities. 
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Figure 158. Hour 22: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 159. Hour 23: Temperature profiles of unplanted roof with different soil densities. 
 
 
Figure 160. Hour 24: Temperature profiles of unplanted roof with different soil densities. 
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Appendix H. Temperature profiles of planted roof with different LAI over 24 hours  
 
 
Figure 161. Hour 1: Temperature profiles of planted roof with different LAI. 
 
 
Figure 162. Hour 2: Temperature profiles of planted roof with different LAI. 
 
 





Figure 164. Hour 4: Temperature profiles of planted roof with different LAI. 
 
 
Figure 165. Hour 5: Temperature profiles of planted roof with different LAI. 
 
 




Figure 167. Hour 7: Temperature profiles of planted roof with different LAI. 
 
 
Figure 168. Hour 8: Temperature profiles of planted roof with different LAI. 
 
 




Figure 170. Hour 10: Temperature profiles of planted roof with different LAI. 
 
 
Figure 171. Hour 11: Temperature profiles of planted roof with different LAI. 
 
 




Figure 173. Hour 13: Temperature profiles of planted roof with different LAI. 
 
 
Figure 174. Hour 14: Temperature profiles of planted roof with different LAI. 
 
 




Figure 176. Hour 16: Temperature profiles of planted roof with different LAI. 
 
 
Figure 177. Hour 17: Temperature profiles of planted roof with different LAI. 
 
 




Figure 179. Hour 19: Temperature profiles of planted roof with different LAI. 
 
 
Figure 180. Hour 20: Temperature profiles of planted roof with different LAI. 
 
 




Figure 182. Hour 22: Temperature profiles of planted roof with different LAI. 
 
 
Figure 183. Hour 23: Temperature profiles of planted roof with different LAI. 
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